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Abstract
The pattern of volcanic tremor accompanying the 1989 September eruption at the south-east summit crater of
Mount Etna is studied. In specific, sixteen episodes of lava fountaining, which occurred in the first phase of the
eruption, are analysed. Their periodic behaviour, also evidenced by autocorrelation, allows us to define the related
tremor amplitude increases as intermittent volcanic tremor episodes. Focusing on the regular intermittent behaviour
found for both lava fountains and intermittent volcanic tremors, we tried an a posteriori forecast using simple
statistical methods based on linear regression and the Student’ t-test. We performed the retrospective statistical
forecast, and found that several eruptions would have been successfully forecast. In order to focus on the source
mechanism of tremor linked to lava fountains, we investigated the relationship between volcanic and seismic
parameters. A mechanism based on a shallow magma batch ‘regularly’ refilled from depth is suggested.
1 2002 Elsevier Science B.V. All rights reserved.
Keywords: Mount Etna; lava fountain eruption; volcanic tremor; statistical a posteriori forecast
1. Introduction
Mount Etna, located in Eastern Sicily (Fig. 1),
is one of the most active volcanoes in the world.
Its activity may be roughly divided into (i) persis-
tent activity at the summit craters and (ii) lateral
eruptions. The latter develop from fractures that
open on the slopes of the volcano, giving rise to
lava ¢elds up to several square kilometres. These
eruptions have duration spanning from days to
years. The former includes several levels of emis-
sion of products, from quiet degassing to lava
fountains (i.e. Cristofolini et al., 1988).
Volcanic tremor is a phenomenon characteristic
of most volcanoes, which is generally correlated
with their activity (e.g. Dibble, 1974; Aki et al.,
1977; Fehler and Chouet, 1982; Hofstetter and
Malone, 1986; McNutt, 1994; Chouet et al.,
1987; Koyanagi et al., 1987; Julian, 1994; Beniot
and McNutt, 1997). It is also present at Mount
Etna, where it has been studied for decades. These
studies focused on either the source (e.g. Schick
and Riuscetti, 1973; Riuscetti et al., 1977; Seidl et
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al., 1981; Schick et al., 1982; Ferrucci et al.,
1990; Del Pezzo et al., 1993) or the relationship
with volcanic activity (e.g. Tanguy and Patane',
1984; Cosentino et al., 1989; Gresta et al., 1991,
1996a,b; Falsaperla et al., 1994).
In detail, Schick and Riuscetti (1973) proposed
that tremor energy is correlated with the velocity
of gases escaping through the summit crater con-
duits. The observed steadiness of the frequency
peaks can be related to at least one oscillator,
excited by gas bubbles uprising in the magma
(Riuscetti et al., 1977). A physical model for the
source was then proposed (Seidl et al., 1981), and
oscillators have been identi¢ed with the pipes
along which magma rises. Schick et al. (1982) dis-
tinguished two di¡erent sources, one of which
originated in a £at magma chamber, located ca
2 km beneath the Central Craters, while a second
was associated with the upper portion of the ac-
tive vents.
Moreover, investigations performed during
moderate degassing activity showed that the trem-
or source is con¢ned to the shallowest upper part
of the volcano. The signals, recorded at a distance
of few hundreds of metres from the craters, ap-
pear as an almost continuous vibration mainly
due to surface waves (Del Pezzo et al., 1993),
while polarisation analysis on the seismic wave-
¢eld recorded at only 50 m from the summit cra-
ters indicated the presence of P-waves during vig-
orous strombolian activity. Speci¢cally, it was
generated by the superposition of small shallow
Fig. 1. Sketch map of Mount Etna with location of the seismic station (dot) used in this work and of the two fracture systems
opened in September 1989 (see text for details). VB is the ‘Valle del Bove’ caldera. In the upper left corner insert the detail of
the summit craters is shown; SE=South-east Crater, NE=North-east Crater, C.C. =Central Craters (in details CH=Chasm and
BN=Bocca Nuova).
VOLGEO 2532 8-1-03
E. Privitera et al. / Journal of Volcanology and Geothermal Research 120 (2003) 235^247236
point sources, acting at intervals of V2 s, as a
consequence of degassing at the top of the magma
column (Ripepe et al., 2001). Conversely, body
waves radiated by an extended source had char-
acterised the wave¢eld recorded some kilometres
away from the summit craters during the lava
fountain eruptions studied here (Ferrucci et al.,
1990).
Looking at the relationships between tremor
amplitude and volcanic activity, a general behav-
iour was evident from previous studies : a higher
tremor amplitude corresponds to more energetic
explosive activity at the summit craters, or to the
onset of lateral eruptions (e.g. Gresta et al., 1991).
This happened both on long (months^years) time
periods (e.g. Tanguy and Patane', 1984; Cosentino
et al., 1989) and on short (hours^days) time spans
relating to single eruptions (e.g. Gresta et al.,
1996a; Falsaperla et al., 1994). Only one case
was observed where signi¢cant increases in tremor
amplitude did not correspond to increases in what
was clearly magmatic volcanic activity. This hap-
pened in April 1987 when two moderate sudden
phreatic eruptions occurred at summit craters,
preceded by strong periodic increases of tremor
amplitude with no observable volcanic activity
(Gresta et al., 1996b). A boiling mechanism was
invoked where magma had played a passive role
as heat source, generating a geyser mechanism
(Kie¡er, 1984). Also on other volcanoes, such as
Karkar (McKee et al., 1981) and Nevado del Ruiz
(Martinelli, 1990), the occurrence of phreatic and/
or phreato-magmatic explosions was accompanied
by a regular increase and decrease of tremor am-
plitude. In such cases the term ‘banded tremor’
was used (McNutt, 1992), coming from the signa-
ture on drum records forming evident stripes on
seismograms (see Fig. 2). Obviously, this feature
of the signal depends on the drum revolution
time, therefore the de¢nition intermittent volcanic
tremor (IVT) has been suggested (Gresta et al.,
1996b).
The literature reports analyses considering ‘in-
termittent’ or ‘recurrent’ phenomena both for tec-
tonic (e.g. Bakun and McEvilly, 1984; Shimazaki
and Nakata, 1980) and volcanic (e.g. Page et al.,
1994) earthquakes. The latter authors observed a
quasi-regular pattern in dome growth and de-
struction during the last phases of the 1989^
1990 Redoubt eruption. They analysed the pre-
cursory swarms of long period events statistically
and one dome failure was successfully forecast.
After the end of the eruption, Page et al. (1994)
performed the retrospective statistical forecast
over the whole eruption sequence using hindcast-
ing analysis. Several eruptions would have been
successfully forecast.
During September 1989 several IVT episodes
Fig. 2. Seismogram showing two typical periods of IVTs occurring in coincidence with two lava fountain episodes at the South-
east Crater. For each IVT episode a and b represent the onset and the paroxysmal phases, respectively.
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were observed at Mount Etna volcano accompa-
nying an intense magmatic eruptive sequence. Six-
teen lava fountain eruptions occurred at the
South-east Crater, one-to-one related to recorded
IVT episodes (Fig. 2). The aim of this work is to
study those IVT episodes in order to investigate
their apparently regular occurrence in time and to
suggest a possible source mechanism for the erup-
tions.
In our case, the onset of volcanic tremor and
the beginning of eruptive activity are almost si-
multaneous, so we will not be able to provide a
seismic forecast of the eruptions. Nevertheless,
lava fountain eruptions give rise to large ash
clouds hazardous to both airline tra⁄c and road
tra⁄c when ashes fall down. Then, the one-to-one
relations between IVT and lava fountains repre-
sent a very powerful tool for the study of the time
evolution of eruptive activity, especially when
weather conditions do not allow direct sight of
the top of the volcano. This condition occurs on
Mount Etna ca 100 days/year. In fact, during Sep-
tember 1998 the lava fountain activity at the
South-east Crater of Mount Etna volcano re-
sumed, with more than 100 episodes until July
2001. The empirical threshold of tremor reduced
displacement (R.D.) that will be shown in the
present paper has been routinely and successfully
used for issuing warnings to the civil defence and
air tra⁄c authorities since April 2000.
2. The data
After the end of the October 1986^February
1987 £ank eruption, Mount Etna experienced a
long time span characterised only by quiet degas-
sing activity at the summit craters. A renewal of
explosive activity was observed in the period
April^August 1988, when moderate strombolian
activity to ‘small’ lava fountaining was observed
at the Bocca Nuova and Chasm Craters (Calvari
et al., 1989). In October 1988 strombolian activity
started at the South-east Crater also, and a grad-
ual increase of the eruptive energy was observed
until the second part of November. Explosive ac-
tivity carried on until September 1989 with di¡er-
ent levels of energy at the three mentioned summit
craters (Fig. 1), whereas the NE Crater showed
only gas emission. A remarkable increase of the
activity was marked by the occurrence of lava
fountains and over£ows at the South-east Crater,
starting on September 11, 1989. Sixteen lava foun-
tain episodes occurred until September 27, when
two fracture systems opened on the eastern £ank
of the volcano (Fig. 1). The eruptive one was
trending N60‡E, and lava outpouring gave rise
to a lava ¢eld in the Valle del Bove. The eruption
stopped on October 9 by which time about
38U106 m3 of lava had erupted (Calvari et al.,
1989). The second fracture, trending N140‡E
and propagating downslope for about 7 km in a
few days, was a dry fracture system.
In this paper we perform the analysis over a
time period (August 22^October 15, 1989) encom-
passing the eruption. Both volcanological and
seismic data are used. A summary of the volcanic
activity that occurred at summit craters during
the investigated period is reported in Table 1.
Volcanological data derive from visual observa-
tions and sporadic ¢eld surveys. Unfortunately
no systematic video recordings are available and
we estimate that lava fountain parameters re-
ported here may be a¡ected by uncertainty of ca
10^20%.
Lava fountains reached up to 800 m in height,
forming a sustained column, while the ejected
bombs covered an area of few square kilometres.
They were accompanied by strong increases of the
tremor amplitude, with a one-to-one relationship.
Details on the timing and height of lava foun-
tains, as well as duration of IVT episodes, are
reported in Table 2.
Seismic data refer to tremor recorded at the
Pizzi Deneri (PDN) station, located ca 2250 m
from the South-east Crater (see Fig. 1). The sta-
tion was equipped with a vertical short period
seismometer (1 s); data were radiolink transmit-
ted to Catania and there recorded only on paper
drums with a revolution speed of 1 mm/s (see Fig.
2). Peak-to-peak amplitude of seismograms was
sampled every 10 min for the whole period, for
a total of 7866 samples; it was used to compute
R.D., a means of quantifying tremor intensity
(Fehler, 1983).
Using the observed dominant frequency spec-
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tral peak of 1.95 Hz, and the P-wave velocity of
1800 m/s, we calculate a wavelength at the PDN
station of ca 920 m. By considering the distance
between the South-east Crater and the PDN sta-
tion (ca 2250 m), a formula was proposed to eval-
uate the R.D. from body waves in the near ¢eld







where AP is the peak-to-peak amplitude, r is the





term is correction for
root mean square amplitude.
3. The analysis
Fig. 3 shows the R.D. pattern vs time during
the period studied. Di¡erent values of volcanic
tremor amplitude have been recorded during sev-
eral di¡erent types of activity. The smallest values
of R.D. are associated with quiet to more or less
moderate degassing activity. During these spans,
Table 1
Summary of the volcanic activity observed at the summit craters of Mount Etna for the investigated time period
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the R.D. ranges from 3 to 9 cm2. As the violence
of the explosive activity increases, the amplitude
becomes larger. Note the 16 increases of tremor
amplitude which correspond to the 16 episodes of
lava fountain that occurred on the South-east
Crater during the period September 11^27. Other
impulsive ‘peaks’ above a low level of noise ap-
pear. They are also associated with increases of
explosive activity. Values slightly less than 30 cm2
are observed in coincidence with lava fountains at
the Chasm Crater (August 29 and 31, September
10) as well as during paroxysmal explosive phases
of the ¢ssure eruption (September 27^October 6).
The threshold of 35 cm2 was always exceeded co-
incident with lava fountains at the South-east
Crater. Only once (October 3^4) was it reached
during a very intense explosion with strong ash
emission at the South-east Crater, but without
lava fountains.
We focus our analyses on the 16 tremor ampli-
tude increases (and the related lava fountain epi-
sodes). As shown in Fig. 3 the tremor increases
associated with lava fountains appear ‘intermit-
tent’. On the basis of the apparent periodicity,
they may be grouped in two ‘families’, comprised
of six episodes from September 11 to 13, and nine
episodes from September 22 to 27. The episode of
lava fountaining on September 19 represents the
dividing point of this subdivision.
The time occurrences of lava fountaining are
shown in Fig. 4 and the regular behaviour of oc-
currence is evidenced. Again two well-de¢ned
‘families’ are evident, separated by the sole epi-
sode of September 19. Moreover each ‘family’
shows a nearly linear trend. In fact a linear re-
gression performed on the two families shows the
following relation: c.n. = 2.0t+1.0; R2 = 0.99 for
the former family and c.n. = 1.6t39.6; R2 = 0.99
for the latter one, where c.n. is the cumulative
number of each single episode, t is time (in
days) and R is the correlation coe⁄cient. Both
R2 values indicate a very good linear correlation.
We performed autocorrelation analyses of the
two R.D. time series (September 11^13 and Sep-
tember 22^27). Figs. 5a,b shows autocorrelation
functions relating to the two normalised time se-
ries and the associated standard deviation func-
tions. The impression of periodic occurrence of
IVT derived by a cursory examination of Table
2 and Figs. 3 and 4 is statistically con¢rmed for
the former series (5760 min starting since Septem-
ber 11 h.00:00). A signi¢cant peak characterises
Table 2
Volcanic and IVT parameters related to the 16 lava fountain episodes that occurred at the South-east Crater from 11 to 27 Sep-
tember 1989
Cumulative number Date (Sept.) Visual observation Max. height PDN Max R.D.
Start End (m) Start mean time End (cm2)
1 11 07:40 08:30 400 06:30 08:05 09:40 57
2 11 19:00 20:00 300 18:30 19:20 20:10 57
3 12 NA NA NA 06:40 07:05 07:30 33
4 12 17:00 NA NA 17:40 19:00 20:20 33
5 13 05:30 07:10 600 05:10 06:20 07:30 72*
6 13 20:00 22:00 300 19:50 21:55 24:00 72*
7 19 04:50 07:15 500 04:20 05:55 07:30 72*
8 22 06:00 10:00 500 06:30 08:20 10:10 72*
9 22 21:15 22:15 800 21:10 21:50 22:30 48
10 23 16:45 18:20 NA 16:40 17:50 19:00 72*
11 24 10:00 11:30 300 10:00 10:50 11:40 72*
12 25 04:30 07:00 300 04:30 06:00 07:30 62
13 25 18:00 19:10 300 17:50 18:35 19:20 72*
14 26 05:00 06:10 400 05:00 05:40 06:20 57
15 26 19:15 20:15 600 19:10 19:55 20:40 43
16 27 02:30 04:15 500 02:30 03:35 04:40 48
NA: not available.
Asterisks indicate R.D. values obtained from saturated seismograms.
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Fig. 4. Time sequences of lava fountains (and related IVTs) during September 1989.
Fig. 3. Time series of the tremor R.D. at the PDN station for the time period August 22^October 15, 1989. Asterisks indicate
the occurrence of lava fountain eruptions; the diamond marks the only time the empirical R.D. threshold was exceeded without
lava fountaining.
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the autocorrelation function shown in Fig. 5a at
680 min, with the associated normalised standard
deviation value being ca 7. Consequently, values
of cumulative probability (taken from Hald, 1952)
indicate a signi¢cance level much greater than
99.9% for this peak. Conversely, Fig. 5b shows
the autocorrelation (and the associated standard
deviation) relating to the latter normalised R.D.
time series (8640 min starting since September 22
h.00:00). This autocorrelation function is more
complex than the previous one. Many peaks are
present, even if their standard deviation never ex-
ceeds the value of 3 (corresponding to a signi¢-
cance level of 99.9%), with the exception of a
peak at 1960 min that is not considered because
it has no meaning in the time series analysed and
is probably due to a numerical instability. Only
one wide peak at ca 800^880 min has a standard
deviation value slightly greater than 2, implying a
signi¢cance level of ca 98% (Hald, 1952).
In spite of the physical meaning of this statisti-
cal analysis, the comparison between the two au-
Fig. 5. Autocorrelation (bold line) and related standard deviation function (thin line) performed on the time series of the tremor
R.D. at the PDN seismic station for: (a) September 11^13 and (b) September 22^27. Horizontal dashed lines indicate standard
deviation thresholds.
Table 3
Occurrence times, expected (average predicted) times and statistical forecast windows for the lava fountain episodes
Event Occurred Expected 95% forecast window 60% forecast window
Start End Start End
1 11 08:05 ^ ^ ^ ^ ^
2 11 19:20 ^ ^ ^ ^ ^
3 12 07:05 ^ ^ ^ ^ ^
4 12 19:00 12 18:30 12 17:44 12 19:16 12 18:19 12 18:41
5 13 06:20 13 06:30 13 05:57 13 07:03 13 06:20 13 06:40
6 13 21:55 13 18:01 13 17:37 13 18:25 13 17:53 13 18:09
7 19 05:55 14 10:40 14 04:05 14 17:15 14 09:02 14 12:18
8 22 08:20 21 10:58 ^ ^ 19 16:02 23 05:54
9 22 21:50 25 08:08 ^ ^ 24 06:12 26 10:04
10 23 17:50 25 03:57 ^ ^ 24 04:41 26 03:13
11 24 10:50 24 09:30 23 23:25 24 19:35 24 07:01 24 11:59
12 25 06:00 25 04:35 24 23:34 25 09:36 25 03:02 25 06:08
13 25 18:35 25 23:58 25 20:27 26 03:29 25 22:46 26 01:10
14 26 05:40 26 10:10 25 21:59 26 22:01 26 07:02 26 12:58
15 26 19:55 26 19:48 26 12:49 27 02:47 26 17:39 26 21:57
16 27 03:35 27 08:36 27 04:06 27 13:06 27 07:05 27 10:07
17 No event 27 15:38 27 05:27 28 01:49 27 13:07 27 18:09
The a posteriori ‘correct predictions’ are reported in bold.
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tocorrelations functions relating to the two series
highlights a couple of di¡erences. The ¢rst lava
fountain family has shown a higher regularity
than the latter one, while the dominant peaks of
the two families are rather di¡erent, the second
family having values greater (ca 800^880 min)
than those observed for the former one (680 min).
Focusing again on the regular intermittent be-
haviour found in both lava fountain and volcanic
tremor, we would like to determine if seismic data
could be used to forecast the occurrence of a next
eruptive episode. We tried an a posteriori forecast
using simple statistical methods (linear regression
and Student’ t-test) on the tremor amplitude time
series. We ¢rst used the onset time of each IVT in
order to a posteriori forecast the onset of the next
episode. Since these data did not take into ac-
count the di¡erent durations of single episodes,
we used the mean time between onset and end
of each episode. Using the mean time, we were
able to reduce the in£uence of the duration of
episodes on our statistical forecast. Results are
shown in detail in Table 3 and Fig. 6. To evaluate
the method we retrospectively calculated, for the
two families separately and for a constant-rate
process, the expected occurrence times and fore-
cast windows (at 60% and 95% of the con¢dence
level). Each forecast window is based on all the
preceding events of the series ; for instance the
parameters for the fourth event are derived from
the times of the preceding three events. Our cal-
culation starts after three events have occurred. If
an event occurs outside the forecast window, the
forecast is considered a failure. So, we consider a
new sequence based on the last three episodes.
When the events in the time series are more reg-
ular, the windows are narrower.
This statistical method was applied on the
whole sequence of lava fountain episodes. From
September 11 to 13, six events had occurred in the
sequence, the ¢rst ¢ve at remarkably regular in-
tervals ranging from 11.2 to 11.9 h (computed
from the column of mean time in Table 2). Only
the interval between the last two episodes of the
¢rst family (15.5 h) is far from the previous ones.
Based on these six events, the 95% forecast win-
dow for the fourth and the ¢fth events gave
satisfactory results : both episodes could be sta-
tistically forecasted. In particular, for the ¢fth
episode, even the 60% forecast window had suc-
cess since the di¡erence between the time of oc-
currence and expectance was only 10 min. The
Fig. 6. Time sequence of lava fountain episodes (diamonds) and related statistical forecast windows. The forecast windows are in-
dicated by horizontal bars (the longer ones de¢ne the 95% con¢dence intervals and the shorter ones refer to the 60% con¢dence
intervals).
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next forecast failed because the impressively reg-
ular 11.2^11.9 h interval between the increasing
tremor amplitude (corresponding to the temporal
gap between two consecutive episodes of lava
fountaining) shifted to 15.5 h. The following fore-
cast (seventh episode) failed because the underly-
ing assumption of regular intermittent behaviour
was violated (as demonstrated by the occurrence
of the lone episode of September 19).
The lava fountains of the second family show a
less regular interval of tremor amplitude increase
than those of the ¢rst one, ranging from 7.5 to 20
h. This resulted in the computation of wider fore-
cast windows. The forecasts failed when the du-
ration of the interval between one event and the
next one changed relative to the average interval
(ca 15 h) between episodes of the second family of
lava fountains. In total, six forecasts were made
for the episodes of the second family, of which
four were successful (the 11th, 12th, 14th and
15th episodes). The series ¢nished in a failed fore-
cast which consisted of a false-alarm failure (the
17th episode, which never occurred).
4. Discussion and conclusion
In this study we used the statistical method
based on the time series of occurrence of lava
fountain episodes to forecast the occurrence of
the next one assuming a regular periodic foun-
taining process. Due to the one-to-one relation
between IVT and lava fountains (Table 2), we
used the IVT to statistically characterise the erup-
tive sequence. The results of our statistical analy-
ses con¢rm the presence of two families of erup-
tive episodes: both are characterised by a nearly
linear trend (Fig. 4), which means a periodic oc-
currence. The results of autocorrelation and fore-
cast analysis both con¢rm the periodical occur-
rence of IVT episodes. In fact, the ¢rst six lava
fountains repeated every ca 680 min (Fig. 5a) and,
in the ¢eld of the statistical forecast, we calculated
a mean interval between two consecutive episodes
of the ¢rst family of ca 11.5 h. Conversely, the
¢nal nine eruptive episodes are slightly less regu-
lar. The mean peak of the autocorrelation func-
tion is rather poorly de¢ned (from 800 to 880
min) and has a lower signi¢cance (see Fig. 5b).
The forecast results had shown a mean time of
occurrence ranging widely from ca 8^20 h.
However, a general result of the statistical
method is that most of the episodes could be fore-
cast using both the 95% and the 60% forecast
windows.
Based on the regularity of intervals between
episodes, we assumed a roughly constant-rate
fountaining process. The false alarms occur
when the behaviour of the volcano changes;
such false alarms are inherent in the method.
Therefore the statistical approach can be a useful
complement to deterministic forecasting during
times of metastable volcanic behaviour.
The remarkable periodicity veri¢ed for the two
families of fountain episodes suggests that a per-
sistent physical mechanism, during limited time
spans, was controlling the eruptive behaviour.
During these periods the statistical forecasts
gave satisfying results. Moreover, factors able to
break up the previous metastable state should re-
cur. After such phases, a new metastable state
begins, di¡erent from the previous one. As an
example, the 64 episodes of lava fountaining
that occurred at Mount Etna from January to
June 2000 evidenced an initial ‘periodicity’ of ca
1 day, which then shifted to a half day, and ¢nally
to about 10 days. In conclusion, we are able to
suppose limited time intervals during lava foun-
tain episodes characterised by a more or less sta-
tistically linear behaviour of the feeding system.
This result is independent of the assumed source
model for both tremor and eruption. However, we
suggest a conceptual model to explain the eruptive
behaviour based on some constraints of the trem-
or source.
The most common source of mechanical energy
is probably gas bubble formation, coalescence and
collapse (Vergniolle and Jaupart, 1986). Because
of the higher accelerations involved, bubble col-
lapse is thought to be a more energetic process
than bubble growth (Vergniolle and Jaupart,
1986). Nonetheless, bubble growth is the domi-
nant process because gas expansion occurs and
gases are released in the majority of open-conduit
volcanoes and a larger amount of steam and other
gases are liberated during eruptions. Gases ex-
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solve and expand when pressure decreases as
magma moves toward the surface. Gas expansion
and volcanic tremor occur in virtually all erup-
tions. It is noteworthy that the mechanical energy
produced by gas bubbling into the conduit is
transmitted through the shallow crust of the vol-
cano to be recorded as tremor at a given seismic
station. The amount of transmitted energy
strongly depends on the coupling between the
walls of the conduit and the magma inside it.
Taking into account the presence of gas bub-
bles as a source of mechanical energy, we suggest
a simple model of a tremor source by considering
the regimes of bubble £ow into the magma. The
essential physical features of the model are a shal-
low reservoir for the magma and a conduit link-
ing the magma batch and the South-east Crater
vent. The conduit also works as a bu¡er reservoir
for magma. To explain the discharge of magma
by ‘cyclic’ lava fountain episodes, we suggest the
existence of a very shallow (some hundreds of
metres) magma batch below the South-east Cra-
ter. This batch represents a temporary storage
chamber that acts as a shallow reservoir for mag-
ma and it is directly connected, through the con-
duit, with the South-east Crater vent and with the
feeding system from depth. Following La Delfa et
al. (2001), we suppose di¡erent steps which in-
volve this shallow feeding pocket and its invasion
by magma from depth. When a critical level is
reached the increasing magma pressure and the
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Fig. 7. (a) Lava fountain height vs tremor power (PDN station). (b) Sketch of three di¡erent regimes of bubble £ow into the
magma: (i) bubbly £ow, (ii) intermittent slug £ow, and (iii) annular £ow (adapted from Vergniolle and Jaupart, 1986).
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ing of the crater conduit. The opening of the con-
duit triggers an explosive paroxysm, followed by a
sudden pressure drop causing the end of the erup-
tion. The process of ¢lling and emptying the shal-
low magma reservoir occurs rapidly, as demon-
strated by the relatively low degree of evolution
of the products emitted during these summit erup-
tions (Armienti et al., 1989).
It is important to point out that eruptive system
is strongly non-linear. Only sporadically and for
short lapse times does the South-east Crater erup-
tive system shows a linear behaviour. It may be
assumed to be a rare condition. For such a system
there are one or more parameters that undertake
values typical of a limit condition. Following this
hypothesis small variations of a given parameter
(such as the geometry of the feeding system,
the gas content of magma, its density/viscosity)
around the values typical of the limit condition
should determine signi¢cant variations in the
lava fountain parameters (i.e. duration, height,
rest period). The statistical predictive model
works ‘well’ only during the rare condition of
linear behaviour. For observatory practice the
use of an empirical threshold for tremor ampli-
tude (and/or energy, R.D., etc.) will certainly
give better results in terms of explosive eruption
alerts. To reconstruct the source mechanism
producing IVT episodes associated with the foun-
taining process, we considered the sketch from
Vergniolle and Jaupart (1986) in which three dif-
ferent regimes of bubble £ow into the magma
were considered (bubbly £ow, intermittent slug
£ow and annular £ow). The three di¡erent re-
gimes of bubble £ow represent three di¡erent
phases associated with di¡erent depths into the
conduit. The location of the tremor source, in
the condition of low volcanic activity, coincides
with a reservoir ¢lled by a mixture of magma
and gases. A pressure increase, caused by the con-
tribution of fresh magma (rich in gas) from depth,
produces a coalescence process (regime of inter-
mittent slug £ow) and bigger bubbles begin to rise
inside the conduit, causing the increase of vol-
canic tremor amplitude which reaches the highest
values in coincidence with the lava fountain phase
(regime of annular £ow). This seems con¢rmed by
the relationships among parameters reported in
Table 2. In fact, Fig. 7a shows the height of foun-
tains vs the maximum tremor R.D. Even consid-
ering the uncertainty in the lava fountain heights
(about 100 m), and some clipped values of R.D.
(due to saturated seismograms), a surprising in-
verse relation, with respect to the general features,
may be observed. This behaviour could be ex-
plained by the characteristics of bubble £ow oc-
curring into the magma column (Fig. 7b). Prob-
ably, higher lava fountains are related to major
annular £ow, which is characterised by higher ve-
locity of ejection, but also by signi¢cantly lower
values of both the density of the liquid^gas mix-
ture and the friction with the walls of the conduit.
On the whole, the relatively scarce coupling of the
magma £ow with the conduit should produce
lower tremor amplitude at the station closest to
the summit craters.
Acknowledgements
We wish to thank Dr Jackie Caplan-Auerbach
for the constructive criticism and the careful re-
view of the early version of the paper. We are in
debt to Prof. Lionel Wilson for his stimulating
comments and suggestions. This research has
been funded by the Italian National Group of
Volcanology.
References
Aki, K., Fehler, M., Das, S., 1977. Source mechanism of vol-
canic tremor: £uid driven crack models and their applica-
tion to the 1963 Kilauea eruption. J. Volcanol. Geotherm.
Res. 2, 259^287.
Aki, K., Koyanagi, R., 1981. Deep volcanic tremor and mag-
ma ascent mechanism under Kilauea, Hawaii. J. Geophys.
Res. 86, 7095^7109.
Armienti, P., Calvari, S., Innocenti, F., Pompilio, M., Villari,
L., 1989. Petrogra¢a e chimismo delle lave dell’eruzione
dell’Etna del Settembre-Ottobre 1989. Bull. Ital. Natl.
Group Volcanol., pp. 521^532 (in Italian).
Bakun, W.H., McEvilly, T.V., 1984. Recurrence model and
Park¢eld, California, earthquakes. J. Geophys. Res. 89,
3051^3058.
Beniot, J.P., McNutt, S.R., 1997. New constraints on source
processing of volcanic tremor at Arenal Volcano, Costa
Rica, using broadband seismic data. Geophys. Res. Lett.
24, 449^452.
VOLGEO 2532 8-1-03
E. Privitera et al. / Journal of Volcanology and Geothermal Research 120 (2003) 235^247246
Calvari, S., Coltelli, M., Pompilio, M., Scribano, V., 1989. I
crateri sommitali dell’Etna nel periodo 1987^1989: descri-
zione dell’attivita' e petrochimica dei prodotti. Bull. Ital.
Natl. Group Volcanol., pp. 697^714 (in Italian).
Chouet, B.A., Koyanagi, R.Y., Aki, K., 1987. Origin of vol-
canic tremor in Hawaii, Part II: Theory and discussion. In:
Decker, R.W., Wright, T.L., Stau¡er, P.H. (Eds.), Volca-
nism in Hawaii. US Geol. Surv. Prof. Pap. No. 1350, vol.
2. US Government Printing O⁄ce, Washington, DC,
pp. 1259^1280.
Cosentino, M., Lombardo, G., Privitera, E., 1989. A model for
internal dynamical processes on Mt. Etna. Geophys. J. 97,
367^379.
Cristofolini, R., Gresta, S., Imposa, S., Patane', G., 1988. Feed-
ing mechanism of eruptive activity at Mt. Etna based on
seismological and petrological data. In: King, C.Y., Scarpa,
R. (Eds.), Modeling of Volcanic Processes. Springer, Berlin,
pp. 73^93.
Del Pezzo, E., De Martino, S., Gresta, S., Martini, M., Mila-
na, G., Patane', D., Sabbarese, C., 1993. Velocity and spec-
tral characteristics of the volcanic tremor at Etna deduced
by a small seismometer array. J. Volcanol. Geotherm. Res.
56, 369^378.
Dibble, R.R., 1974. Volcanic seismology and accompanying
activity of Ruapehu Volcano, New Zealand. In: Civetta,
L., Gasparini, P., Luongo, G., Rapolla, A. (Eds.), Physical
Volcanology. Elsevier, Amsterdam, pp. 49^85.
Falsaperla, S., Privitera, E., Spampinato, S., Cardaci, C., 1994.
Seismic activity and volcanic tremor related to the December
14, 1991 Mt. Etna eruption. Acta Vulcanol. 4, 63^73.
Fehler, M., 1983. Observation of volcanic tremor at Mount St.
Helens Volcano. J. Geophys. Res. 88, 3476^3484.
Fehler, M., Chouet, B.A., 1982. Operation of a digital seismic
network on Mt. St. Helens volcano and observations of
long-period seismic events that originate under the volcano.
Geophys. Res. Lett. 9, 1017^1020.
Ferrucci, F., Godano, C., Pino, N.A., 1990. Approach to the
volcanic tremor by the covariance analysis: application to
the 1989 eruption of Mt. Etna (Sicily). Geophys. Res. Lett.
17, 2425^2428.
Gresta, S., Montalto, A., Patane', G., 1991. Volcanic tremor at
Mt. Etna (January 1984-March 1985) its relationship to the
eruptive activity and modeling of the summit feeding system.
Bull. Volcanol. 53, 309^320.
Gresta, S., Lombardo, G., Cristofolini, R., 1996a. Character-
istics of volcanic tremor accompanying the September 24th,
1986 explosive eruption of Mt. Etna (Italy). Ann. Geo¢s. 39,
411^420.
Gresta, S., Privitera, E., Leotta, A., Gasperini, P., 1996b.
Analysis of the intermittent volcanic tremor observed at
Mount Etna (Sicily), during March-May 1987. Ann. Geo¢s.
39, 421^428.
Hald, A., 1952. Statistical Tables and Formulas. Wiley, New
York, 97 pp.
Hofstetter, A., Malone, S.D., 1986. Observations of volcanic
tremor at Mt. St. Helens in April and May 1980. Bull. Seis-
mol. Soc. Am. 76, 923^938.
Julian, B.R., 1994. Volcanic tremor: nonlinear excitation by
£uid £ow. J. Geophys. Res. 99, 11859^11877.
Kie¡er, S.W., 1984. Seismicity at Old Faithful Geyser: an
isolated source of geothermal noise and possible analogue
of volcanic seismicity. J. Volcanol. Geotherm. Res. 22, 59^
95.
Koyanagi, R.Y., Chouet, B.A., Aki, K., 1987. Origin of vol-
canic tremor in Hawaii, Part I: Data from the Hawaiian
Volcano Observatory, 1969^1985. US Geol. Surv. Prof.
Pap. 1350, vol. 2, pp. 1222^1258.
La Delfa, S., Patane', G., Clocchiatti, R., Joron, J.L., Tanguy,
J.C., 2001. Activity of Mount Etna preceding the February
1999 ¢ssure eruption: inferred mechanism from seismologi-
cal and geochemical data. J. Volcanol. Geotherm. Res. 105,
121^139.
Martinelli, B., 1990. Analysis of seismic patterns observed
at Nevado del Ruiz volcano, Colombia, during August-
September 1985. J. Volcanol. Geotherm. Res. 41, 297^
314.
McKee, C.O., Wallace, D.A., Almond, R.A., Talai, B., 1981.
Fatal hydro-eruption of Karkar volcano in 1979: Develop-
ment of a maar-like crater. In: Johnson, R.W. (Ed.), Cooke-
Ravian Volume of Volcanological Papers. Geol. Surv.
Papua New Guinea Mem. 10, pp. 63^84.
McNutt, S.R., 1992. Volcanic tremor. In: Encyclopedia of
Earth System Science, vol. 4. Academic Press, pp. 417^425.
McNutt, S.R., 1994. Volcanic tremor from around the world:
1992 update. Acta Vulcanol. 5, 197^200.
Page, R.A., Lahr, J.C., Chouet, B.A., Power, J.A., Stephens,
C.D., 1994. Statistical forecasting of repetitious dome fail-
ures during the waning eruption of Redoubt Volcano, Alas-
ka, February-April 1990. J. Volcanol. Geotherm. Res. 62,
183^196.
Ripepe, M., Coltelli, M., Privitera, E., Gresta, S., Moretti, M.,
Piccinini, D., 2001. Seismic and infrasonic evidences for an
impulsive source of the shallow volcanic tremor at Mt. Etna,
Italy. Geophys. Res. Lett. 28, 1071^1074.
Riuscetti, M., Schick, R., Seidl, D., 1977. Spectral parameters
of volcanic tremors at Etna. J. Volcanol. Geotherm. Res. 2,
289^298.
Schick, R., Riuscetti, M., 1973. An analysis of volcanic tremor
at South-Italian volcanoes. Z. Geophys. 39, 262^274.
Schick, R., Cosentino, M., Lombardo, G., Patane', G., 1982.
Volcanic tremor at Mt. Etna. A brief description. Mem. Soc.
Geol. Ital. 23, 191^196.
Seidl, D., Schick, R., Riuscetti, M., 1981. Volcanic tremors at
Etna: a model for hydraulic origin. Bull. Volcanol. 44, 43^
56.
Shimazaki, K., Nakata, T., 1980. Time-predictable recurrence
model for large earthquakes. Geophys. Res. Lett. 7, 279^
282.
Tanguy, J.C., Patane', G., 1984. Activity of Mount Etna 1977^
1983: volcanic phenomena and accompanying seismic trem-
or. Bull. Volcanol. 47, 965^976.
Vergniolle, S., Jaupart, C., 1986. Separated two-phase
£ow and basaltic eruptions. J. Geophys. Res. 91, 12842^
12860.
VOLGEO 2532 8-1-03
E. Privitera et al. / Journal of Volcanology and Geothermal Research 120 (2003) 235^247 247
